® 



EuropSlsches Patentamt 
European Patent Office 
Office europ^en des brevets 




21) Application number : 95302112.8 
3) Date of filing :29.03.«5 



© Publication number: 0 676 839 A1 
EUROPEAN PATENT APPLICATION 

(g) int CI*: HOIS 3/18, HOIS 3/19 



@ Priority : 04.04.94 US 223341 
09.01.95 US 371000 

@ Date of publication of application : 
11.10.95 Bulletin 95/41 

@ Designated Contracting States : 
DE PR GB 

(g) Applicant : AT & T Corp. 
32 Avenue of the Americas 
New York, NY 10013-2412 (US) 

@ inventor: Capasso, Federico 
42 Westbrook Road 
Westfield, New Jersey 07090 (US) 
Inventor : Oho, Alfred YI 
11 Kenneth Court 
Summit, New Jersey 07901 (US) 



Inventor : Falst, Jerome 

239 Country Club Lane 

Scotch Plains, New Jersey 07076 (US) 

Inventor : Hutchinson, Albert Lee 

1359 River Road 

Piscataway, New Jersey 08854 (US) 
Inventor : Luryl, Serge 
907 Papen Road 

Bridgewater, New Jersey 08807 (US) 

Inventor : Sirtorl, Carlo 

2 HOislde Avenue 

Summit, New Jersey 07901 (US) 

Inventor : Sh^, Del>orah Lee 

Plainfield Avenue 

Warren, New Jersey 07059 (US) 

(g) Representative : Watts, Christopher Malcolm 
Keiway, Dr. 
AT&T (UK) Ltd 
5, Momington Road 
Woodford Green Essex, IG8 OTU (GB) 



CO 
00 

<o 



(g) Unipolar semiconductor laser. 

@ Thte application discloses, a unipolar laser. 
An exemplary embodiment of the laser was 
implemented in the GainAs/AllnAs system and 
emits radiatkm of about 4.2fLm wavelength. 
EmbodBnents in other material systems are 
possible, and the lasers can be readfly designed 
to emit at a predetermined wavelength In a wide 
spectral regbn. We have designated the laser 
the "quantum cascade" (QC) laser. The QC 
laser comprises a multilayer semiconductor 
structure that comprises a multiplicity of essen- 
tially identical undoped "active" regions (11). a 
given active regfon being separated from an 
adjoining one by a doped "energy relaxation" 
region (12). The active region comprises one or 
more quantum wells. In one embodiment of the 
invention the active region is selected such that 
a radiative transition from a third to a second 
energy state substantially is a "diagonal" tran- 
sition, and in another embodiment ttie active 
region is selected such ttiat ttie radiative transi- 
tion substantially is a ''vertical " one. In ttie 
latter case the energy relaxation region advan- 
tageously comprises a superiattice Bragg ref- 
lector for charge carriers (fypicaliy electrons) of 
energy con-esponding to the third energy state. 
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Field of the Invention 

This application pertains to the f ieM of injection semiconductor laseis. 
« Bacfcflround of the Invention 

of ammmSn !!f°I.*L^' <gg^P>'y«"^Se"'i«'"''"«^or«. Vd. 5(4). p. 707 (1971)) predicted the possibility 
tlS^Zi ^ ««'"'"'"<'"<^« superlattice structure. Since the pubLtton <i 

w^e^i^le^^^^^^ "c"?'^' •»^'~"<'"«=to^ has been considered by many 

?0l 5^i; •o^.Slfr ^ v^"- A.l^,^. App,Jph'vsics Letters, 

to t^^Sj^* I ^? ^"^ Applied Physics Letter, Vol. 63(8). p. 1089(1 9^). However. 

laser^C„tiJilU«Vf'*"""*"~°'*"^ 
rdlsrn^l unlr!.^!^^^ 

miSSd l^^^Z^h K*^ ^" *«-«'«"8«h «n «he spectral region frxin the 

tTrl ^ submillimeter region, exemplarily in the approximate range 3-100 urn. that is en- 

ZcturTr." t. ' The emission wavelength can be tailored using theVame helJ^ 

r.«lL^^ m J» seinKonductor lasers. Furthemiore. unipolar lasers can use relatively wide bandgap, techno- 

?«JTnIr„« K . ? "^"''^ap semiconductors such as PbSnTe. Such unipolar lasere could. 

ScTtton: • ^'^^"•^^^"''•y •"on»oring. industrial process control aS^automoTlTap: 

n«lin^'^r.!!l '^T'" ««'"'«»"d"ctor lasers typically involve use of resonant tun- 

^eraSeXsanllcnhrt f'^'^''^'^ ene-gy filler wells, the coupled quantum 
well assembly sandwiched between n-doped injector/collector regions. The energy filter wells resoeetlvelv 

qt:ibtrs;ri^^^^^ ^v^T' <ni^- wS^'*^^^ 

2v r^La„« Jr ' '"f transitions taking place between two of the states (E,« and E.m). when, 

ran r«K>nantly populate EjW. If. at the same applied field. E, is substantially aligned with E,(i) then the latter 

"^^nTrriattt^^ 

acSvei. ^^^'^ ""^"'"^ ^ '««8t 'n Prin^ple. be 

anal^d^rv^''^ j" f/'* ^^T^' ^ "P"*^' "^^^ « '""'^'''^ type 

2^ be J^Sii; f «^P'»««» « ^mgle set of coupled quantum wells) is typically too 

small to be of practical Interest In principle this shortcoming can be remedied by provision of a structure that 

t^re cS^^rtet ",:^T- T'^r''''^'^ ' "^^^ ^ - a^m^lZrl^^ 
B^e res^nTTJ^n^^r^^ will typically result In a non-uniform field in the device, with attendant neg- 
(1987! '"8««W"ty- See. for instance. K. K Choi et al.. Physical Review B. Vol. 35 (8). p. 4m 

espJci^tl'lJlLr'h'w ^^-^-^^^^^I scientific value of a unipolar semiconductor laser. 

™J Voir be designed to emit in the mid-IR spectral region, such a laser would be of substantia 
interest This application d»closes such a laser, to be referred to as the quantum cascade (QC) laser. 

Summary of the Invantiow 

ductlJlnSZl^rl M***""^ ^I'".? ^ ^'P^ ^PP'^^'to" '*!s<*>«» « unipolar semicon- 

faSooS T <^P^^^ a — ayer semiconductn^rt^re^ 

avoSgeTdrnrano"^^^ 

mZ^J ?h! T. P*'"""^ ^"^^ multilayer semiconductor structure. 

Signrficantly. the multilayer structure comprises a multiplicity (e.g.. ten or more) of essentially identical 
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i';.';;."^^;;;^^^^^^^ n,.nor d.fferences) -aCveVegtons. a given one of saW 

active rSions co^^onTo Zrnfl. ^ ^ "^"^^ '«8'°"- Each of said 

» to. respeleirniJl 1 se<^^^^ ^* "'™«) ^ referred 

h^herenergy JhTn ^he ti,i,d energy stete is a. a 

the finjtenergy state The third M^ipS^;,?^^^ ^"""^^ appropriate bias) at a higher energy than 
respectively^a^^^ 
wa^fun<;£nt^rreJ,^^^ 

« square of the wavef unction is to^t^T^iTe v^B ^ * " 

onal' l':::^^:^^^^^^^^^ -3 to the n-2 state sut^tantiaHy is a 'diag- 

is provided reduc^ spK^tfJ^n 1 tS^^^^^^ T"""? ^''"^ "A'*"' 
•reduced spatial overlap" we r^ZheSrov«Hl J^lf . ^^vefunctlons in a given active region. By 

IS states E/and E.(CQV^Ta„y ^f C^^^ wavef unctions oV 

Vol. 63(8). n. in«; t;;:;:::1:1'„"" "^WM. Yeeetal.. Physic s Letters, 

are knowi, to those S h *eTrtTdTn« ^^^^^ wavefunctions in quantum well st^^iSii^ 

anics Applied to HetSosUuct^rL'^L^^^^^^^ e^osmcn See. for instance. G. Bastart. "Wave Mech- 

Revtew B, V6I 35 (uZ 7770 (a ob^^^ P^Ysk^ue. Paris 1990. See also D. F. Nelson etal.. Physical 

M5^ora,,„dir;:L„;2 

motiISy;'2^^tSro;iTve%^^^^ ^^^"^ -ndomizatlon of 

e,ating voltagrteCr^ertry ^ ^Tr'^f^l^T^Tr''^ "^"T ^1" " 
emplarlly is selected to facHitate relaxafternfTh-!/ '^^^"^ *<> P'©- 1. the energy relaxation layer 12 ex- 
the eneiy of the n=3 ener^v stet^^^^^r^^ charge earners from the energy of the n=1 energy slate 1 19 to 

,state iShe nextaSC l^emoTal"*^^ 

mean free path oMhe t^rim In S^Tni^ TH^"^ "^^ "* ^^^^i^ the energy 

duced into the given L^yrel^L ^^^^ '^^ ^ '^^^^ int^ 

bodiments IS digitej g^d^S «"«""<»»'y (analog) or stepwise graded, but in currently prefeLdSn- 

optiii^Lr^^^^^^^^^^^^ 

•n thffS'^^eJriZr^iZ"' ^ 

riers in the t wSen^Sl StrSe^aSrT/rf J T"' °' " '"''"""'^ '""S '"e cha^e Z 

joining energy" SnCtoJ^Th^^^^^^^^ •° """^^ ''^ *"""««"9 ^"^ « '^t ad- 

to the secon^ene^y tetSei tySS^^^^ Photon-emitting transition from the thW 

scattoring Intothe^fLeneS ste^Wte^d^r Z^^^^^ 

which must be less than t=» to adWev^niSL? '"e second energy state is a lifetime 

bemaderelatlvelXrbJ^a alJJ^L^^^^^^^^^^ 
s-llby.e.g..prS:SSnS^^„;p;^^^^^^^ 

associated with said first and sLSd eneWstetS' P^^VfZ barrier between the quantum wells 
normal operating voltage applied. thee^Jm^„^rZ ""'^ '^^^ « 

h or larger, where h Is Ptenck's ojnSaiS v if ? ^"^ '"^»«"«'9y states is about 

^ ~rr rjTj^r 
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doping ,s to be compared with the structure dfectosl hT'. P ^^ ncreasing the peak gain. The absence of 
2230 (Dea 1993)) wherein, in additio^tTthe g^?^^^^^ "'l: <@e£»I2n!« Lette™. Vd. 29 (25). p. 

structure exhibited a broad luminescence p^raXaf^S^ ' T^T '^^ion is doped. Vhe 

guHling layers and .he doping of a portio^S^tt aSve igit "^"^ *° ""^ence of wave- 

Brief Descripti on of the Dr«win^ ^« 

ggWjggPggcriptton of Some P,,^,^. ^-^nrllmmm, 

due.othepossibi«yi„these'S:t::^1s^^^^^^ 

afew hundred picoseconds, being limited primarily by ae»ustfc^.w£« ^ . « 'arger. typically 

ISl^ters. Vol. 64(7). p. 872. (Feb. 1994) ^"'^''^^^"^•^P'^""'" scattering. J. Faistetal.. ABBliedPhi^ 

such that a significam populationTvereten » ^^^^^ 

achieved by meansof s^tial s«^?e,ween^h?^ ^ " v^l^mplanTy^h^' 

quantum welte being asymmetric and sti^n JrC^^^^^^^ 

?CsT"'^"'^~-^^^^^^ 

ditions conresponding to an electric field of lO^Wcm ThL f ^ ^ ""der positive bias con- 

penod 10 Of a (mulHperiod) multilayer semiconductor ™* P"'*^" comprises one 

"t.T' '^'"Prises an active region 11 Zd ^Tn^Zl^Z'J^ ^^'"'"^ P«"'~*« '""icated. 

undoped (typically not intentionall/dopei ind JhriZ^r^^ ? '»'"9 substantiX 

Plan^isadigltally graded gap regL^olvtS^^^^^^^^ 

Electrons are tunnel injected into active r^nLn V/l^l relaxation regions are possible. 

asymmetric quantum welte 111 and 1 13 seS^^ " L'r^" 'r'^^ ^^^^ "^^ ^'''ve region Includes coupled 
energy state 117 and second energy stetriw r"'^^^ ^ and 113 aTe thiS 

neling transition responsible for luS«ni laXt^'?'- J"*^ ''^''^'^ Photon-assisted tu^ 

energy state tunnel .hmugh barner iS^S^Sl^^^^^ 

^ anium well 115. occupying therein first energy state 119. Fur- 
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In equation 2. AE. Is the cond..rti«„ k " ^^i.y('bj ♦ l»j)J. (2) 
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corwspond to the first, second and thW enew^^^ 
parabolicItiesofk,nottoofar(typlcallysJ3t?^?H^K^^^^^ 
* e,gtes As a result. e^ettronsZiri'.^^^lT,^'Tr ^'^ '^l ~* '~ '^'f^ 

em., photons of essentially the same eneSr^X,^^^^^^^^^ 'ower subband (e.9.. fron^ „=3 to n=2) wUI ail 
stantially delta function-like (in the absenS^ofbr(«iltlf ? ^ "^'f* ''^^ '"erefore sub- 

n=3 and n=2 states then the gain spectmm oMheCS' ".f «««tod between the 
nearly symmetric, and typicafy much leTJnZlZT^r! '«,'=°'r '^"•""fl'y "anow (collision limited). 
« associated with interband transitions In^e^ldlt^S" '"^•^''"«°" ^ha 

assisted transition from the n=3 level to thT^ztvTS? o^'"'' '^'"'^ Phonon- 

.s between states of reduced wavefunction ove^llp L^s a^""' «» «"vention. 

sequent^, the «rfevant relaxation time ( J^^Jlll^"^"'^ "^n'antum transfer. Con: 

In the above described embodiment Thfe .Tn «„t about 4.3 ps at a bias of 10» V/cm 

« since the n=2 state empties inSre n^^sL^fthTS^^^^^^ and n4 ste^ 
relaxation is provided by quantum well iS ^ T"" 0-6 
m.^entumtransferoccu'rJ.^Ii^n'S'^l^ ^P'^^^* P^onons L nea^^ 

n FIG. 2. Finally, the tunneling escap^Z T^Tj'„^'^ ''°^r''^^^ 

typi^By ,s extremely short. exLpla^ly ^tran at^ut 0 5 "^^^ l?! ""^^Sy "^'o" 

^ TheabovedescnbedstructurLlsofecJitetesin^cl^^^^ 

es«pe probability into the continuum. The eSS^StJSoe^ 1 '^'''""^ '"""««"8 

ficiency = ,^(,^ * ,^ ^ ^ ^ radiat^TeTftefet^'^^ ^ ^ '^^'^^ «" Section ef. 

be Wtr« 3x10- ata field -10* V/cm where t Is Vh«?n^f ""^ *° ""^ •» astlmated to 
13 ns. Calculations show that the pr^uc^Tl lU ('^"^f^^ «^'™««<' ^ be about 

« element) is weakly dependent on the electriff iLw T^^^l^^c;^^^^^^ " •™"''«'°" 

jrongly reduces the linewklth Of the n=3 to nS elett^^ 

Pled wells, thus enhancing the peak ma Jal flai?Sl ri^^^^ 

troluminescence.uptoroomlempe«rrhli^^l^^^ 
^ quantum-well heterostruduras. • by us In similar AllnAs/GalnAscoupled- 

IJ'r actve reg..energy r.axat.n reg.n units 
,^-.no.edge.thlsls.hef.to^rv;«on'^^^^^^ 

a-dS reVio^'Te^^^rjZ'd^^^^^^^^ '^.^^^ «o '"ventlon. The 33.2 nm digitally 

With the latter being a'Jove le f^eJln "thi ^ZS'X^,' ?r ' below-defined 'digita^rra fngT 
relaxatfon region sequence was repeated 25 ti^s Ea^l jS^^^^^ " ''^'^^ -^fl'on/digitally gredi energ^ 

10i7cnr3) -digital grating If. TTie 3.0 nm barrier ^^^nnT. f ' '^'"'^^^ «»« n-«yP«» d-S x 

erBting voltage, the most -upstream' CXgJ^^e ''^^ " ° °' ' ^"^ « 
^P^nds to -digital grating 1". and the ?8.6 nm'dt ^reS^^l'i ^ ^^"^ <*'8«aHy graded region cj^ 
c«ynp<«,tK>ns Of the core and cladding regions weSS "'"^spends to "digital grating 11". The 

re^ractj^e index of the core region is te,^ than tt^e eSS^el? wavelength, the'effective 

9»ns. The refractive Index profile 70 Site laye7strSr,r''r' ° '^'^ "PP«^ '"adding re- 

n.f .cant aspect of the waveguide structure thTt t^^lT^ w ^ * cateulated to be 0.496. A slo- 

ence of doped (lO" cm^, |oo nm Gaty^ la^I^Zr '° P^'""^' "G- 7 is the p.S- 

mode confinement by providing large i«>icth« fS2 st!L ^ ^!°" '^''^^ significantly enhance 

enhancement layere are novel, being iJZt^tofZT^- T appreciate that suS 

"nacceptable loss due to Interband Si^S ^;^^^^^^^^^ 

on a conventional n*.doped InP wafer. """'"^y^ was grown epitaxially. by MBE 
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Table 1 

n-doping 
level (cm~^) 


• 

Thickness (nm) 




T 

Contact 


GalnAs 
Sn doped 


2.0x10^ 


20.0 


10 


layer 


GalnAs 


1.0 X 10" 


670.0 






A€GaInAs 
Graded 


I.Ox 10'* 


30.0 


16 


T 

Waveguide 
cladding 


A^InAs 


5.0 X 10" 


1S00.0 




A/fn Ac 


1.5x10*' 


1000.0 


20 


t 


/\ivjainAS 
DifitaUv eraded 


1.5 X 10*' 


18.6 






Active region 


undoped 


21.1 






GalnAs 


1.0 X 10*^ 


300 0 


25 


Waveguide 
core 


A€GaInAs 
Digitally graded 


1.5x10*^ 


14.6 


30 


AlGalnAs 
Digitally graded 


1 5 X 10^^ 


ifi a 

iO.O 






Active region 


undoped 


X 

21.1 


35 




GalnAs 


1.0 X 10" 


300.0 






A€GaInAs 
Digitally graded 


1.5 X 10" 


33.2 


40 


t 

Waveguide - 


A€InAs 


1.5 X 10" 


500.0 



Cladding Doped n*InP substrate 



45 

Table II 



Digital Grating 1 


AllnAs 


1.2 nm 


GalnAs 


6.5 nm 


AllnAs 


1.2 nm 


GalnAs 


4.5 nm 


AllnAs 


1.2 nm 
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Table III 



Digital Grating II 


GalnAs 


1.8 nm 


AllnAs 


1.2 nm 


GalnAs 


1.6 nm 


AllnAs 


1.4 nm 


GalnAs 


1.3 nm 


AllnAs 


1.7 nm 


GalnAs 


1.1 nm 


AllnAs 


1.9 nm 


GalnAs 


0.9 nm 


AllnAs 


2.1 nm 


GalnAs 


0.7 nm 


AllnAs 


2.3 nm 


GalnAs 


0.6 nm 



wavll.^i^f ri"K'1o mulHIayer wafer was conventionally UthographicaHy processed Into mesa etched ridge 
waveguides of wKlth12^m.T»>e length of the waveguides(varyin8from0.5to2.8mm) was def^^ 
ir^S-T fe^ts P^ovWed the reflection means that define the laser cavity. Fat 

slL^^M^ ^'^«"«''"«' "'1'""= «>"»act8 were provided to the top contact layer and to the 

?irLewar^nHTt''H7?r^^^ 

IZ^rtlh . ^ P"'^^ duty cyde) and measurement of the emission 

spectrum by conventional means (Nicdet Fourier transform IR spectrometer) 

101 ^ ^"^^^ <l^-bed exemplary laser according to the invention. Numerals 

To^h,^? TK ^- >I^. : l°? '^""'^ '^y*'- ^^-2 ^'9««"y S-^ded 'ayer. and 300 nm GalnAs layer. 
a?d^^!fa T 1 ^ ^'^f °' **'9ital grating I al>ove digital grating II. Numerals 105 

?!S ITh rS ^"^ '^'aitally graded layer (digital grating II). respecth«ly. Layers 

'^^^^^'^ ^^"^'"^ ""^s- Numerals 107-110 refer to the 14.6 nm digitally graded (dio- 

nm SSv ol'Id r J "^Jr '""'^ 21 .mm active region. aJd the'Lher \ B% 

hi! J^I^ ^ ^12 ^° 670 nm GalnAs contact layer, and the 20 nm 

V^«^)^"Ascontect layer, respectively. Numerals 116and 117referto'com.entional rT 

tTu^eslJ o ~ o^^M ^ ; f r^^'"** '° ^^e^a'fca". with some oomrentional 

or in J^o5rti;;n ^ ' thicknesses and other dimensions are not drawn to scale 

ihJ!l'HV**°^f'"T^^^ '^'"^ " ^^'^n' ^•'O"' 850 mA. corresponding to a 

S^ServJd7«.toTr' ""«-"«rrowing. This is direct manifestation of laser action. In other QC laLrs w^ 
..nnL n . w ? """3*" temperature, with powers approaching 20 mWfor a 1.2 mm long cavity 

tlt.fotfe?''TH"; ■^^'"9 '«"P«'«»"'«« ^ high as 125K have l«en attained. Design and packagC^ 

720 am '4.! ^' « Substantially as described, but of length 

^U^l^V^TI^'''^' " " «'"«^P°"<«"9 to 8.7 Vacross the device, with peakopti^i 

tT^ZZt^Tv"'"Tu'::' r "L" "'"'"^ 5 shows a portfon of the spe<^ 

serT^ 2 Mnr-H K T;k ! "^""y "^"^'y "P*"'* = 2.1 75 cm-«) longitudinal modes were ob- 

SS.^odurirthei^^^^^^ 

hopping during the pulse. Theory predicts, for single longitudinal mode continuous wave (cw) operatton. a 

8 
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l^^'" e„hancen,en,facu,r. compared to conventional semlcon- 

* «nd (x^ te the eS^ t^ml f rfi ,hV^^^ f ^ value Using measured results and estimated values of x„ 

.aye..Lu. ^rr^^^^ 

« gion, and all other means or attlS? ^ ' « fl™***" 9ap re- 

;.nded.elntheJ|.t-^^^^ 

show^gVe'lZCi^tr^n^^^^^^^^^^ 

» lasing bias. fZt^^^ ^ln^l T^Z ,^ ""'tor 
the superlattice en3re axatfon JeoS J^ Ih as the act..e region of FIG. 1. and numeral 81 designates 

Of the superlauli arse SHuS ^«'"'9"««"9 «"«'3y «««tes. The quantum wells 

sul>stantlally alS^LToSfminto^^^^ •^^"'fl 82-85 become 

energy state 11? «n Z^enS fh^^iZnH '^"'"^^ ^"^ "'^^ 

adiacent(downstreamnSS^e Con ""'^ ^"''^^ '''^^ 

.he il'rpr:S;LXr.J^^^^^^ « P^^^P-*. '-''oPe'l. With 

such as ln,Ga,.^. ^ ^ ^"*'°'~'°'^"'^*"*""'«""9'"«PP«>Priatelystralnedlayersemiconductore 

semS^n'dlTrs^te^"^:^^^^^^^^ '"^1J?T ^^^^""""^ « ^ 

the first memberVaTaif^ tTbaS^^^^^ 

n..««f n oarrier material, and the second member is the well matarifli 

to do°pCTh::'^rre^^^^ r ""^^ ''^"^"^ dlffeCheSTJrS'al.a with respect 

Vol. 64. p. mrS^mS'n^rL^fiS' '^^^)' and J. Faist et al.. Applied Phvsics I «n^, 
laslng. \^e^'iil7^6^^''^^^^^ of luminescence, butdo Xport observation of 

tion. ^"'®'*"^°^^'"*^«^«P°P«'« were not designed, and were unsuitable, for laser ao- 

discile^dTh?res7a2'p^s^ 
« field, to be des gnat^le fTeld lie SSZ ""^^"^ °' «''P~P'^='« 

structum makes po^ibie f^istenTt,^ f f P°'''»'°" P'^^ma in the laser 
the modal gainlS^JSi Te TnS'o^hl^ , ''^ '^"^ of 

ofthegah •'•*-'~"*'^'^*«°^''«P°^«''«*>P"«' wave cross section with the s^^^^^ 

ryron?rm££H™^^ 

field in the material, and thus canTsuU iran rl^^^^^ 
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As was mentioned above, the InventfoJ ^n bTemh J^f;'^^''''"'^""" of static or time-varyfng stress, 
have st^ng ^^^^^^ ^^^^ if>e^^t^s^l^1^t """^ " = 3 and n = 2 states 

10 " Whereas a7as?thar3hrr-''3 '^'^ " 

the wavef unctions of both the n=3 ana n^e^^J^^^ translttons. For instance. FIG. 11 sho«« that 
wavef unctions is flreatest In well 1113. >i f SSotenrf T T^'""" «»» ««'"'«P the 

M. Hern, et al.. Ph^ Review L^vTS^^Ia (198^'hf '^""^'^ « 
cence (X ^ lOOMm) associateTi^iTv^^n^ntereuTtond^^^^^^^^^ ^ '""^ "'ectrolumines- 

« sequent^ resonant tunneling. Lasers with SCertiS^tl'; " .r"'""^"""" "--"S" 
We havefoundthatvertical transition lasVrM^rt^ra^/h "*^^ *^ '"'"O'e detail, 
es. have advantages over diagonal trJ^Sto^^^^^^^ZT^"^^^^ 

less sensitive to unavoidable Interface r3hnL« ^Jf^ ? ^ *® invention. For instance, being typically 
2 ^P-*"- (and thus a Jent^h^jta^^^^^^^ «- '^ve a'-Sl^J 

» that vertical transition lasers will generally n^^Jl^^TT' ^"^ «he art wiO understand 
ve^uncttons in a given active regfon. -nv^Z^St^^^J^"^'^" ">« andsecond 

reduced lifetime However, i have f^nr^^.^ 7t!^f "^^^^ will generally result In somewhat 
propnate design of the acthre region and/or the enemv^? .? ^"*"* "=2 level can. through ap- 

^ a population inversion can be ^lidly obtined «3, thS 

st~.u.l?^~S.-^^^^^^^^^^ 

dttlons co^esponding to an electric field ""'^^^ Po^'-'i^a bias con- 

that -mmitends- 1121 and 1123. and Vninigap^i22 arsIJl ^^^^^^^ "'^ ^- ««<»P» 

with superlattice Bragg reflector 1112 anrt Jnw J, " ^® •"'"•bands and minigap are associated 

^ rela.K,eV transparantind rSZ^y opZe^^^TJV"''^ ^^Pe^attl^'is. res^ri^ 
ir«^ and llir refer to the upstream Br^gg ^ft7^^ el^J^ '^'^ ^^''^ ^^S'^"' ""-""^S 
downstream active region. Third and second Zem^,^.^ "^^Pe^'vely. and 1111" refers to the 

tum well 1113. and first energy state 1l5fl ^ P^-^rily assoaated with quan- 

ndica.es the(photon-emittl,SCL\'i'3Tnr^^^^ 

ofaLr::rbSrccrrcrs*"^^ 

4.5 nm InGaAs well coupled ^a aZm I^Sl iT^^^^^^ '"to the upper energy 

unjped. and the seven center layers of ea^u^ la«L J ^« '«9'o'« were left 

rjj'*'*"? a sheet density Jpe.Z^"V^^fT"^°' """^ ^' = ^ x 10- 
anowed population immersion since electrons in the se^d ?! f ^ calculated to be 1.8 ps. This 

phonon emission, with near zero momentum t ransferTa ^r'^ n'i'""" '° '^'^ through^lcal 

energy State through a 3.0 nm AllnAs barrieT M^t^TlZl Z^^ cT f"^"^ ^"^^ °' 

The superlattice Bragg reflectors were d^«i„n^ miniband of the downstream Bragg reflector 
stantially flat under the ^PPUedlS^sTZt^^"''*' "if' t>and edge^" sub- 

dates a half electa>n DeBroglie i«velenoth 2^^^^^ T T*' Carrier paira^t 

the.fe^t.econduct^ band potent. V<^of.h^e^^^^^^^ 



* V(x^«AEe— !y_ (3) 
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ui.fc . V(xj) - V()9. ,) = -FttOfc. + U (4) 

We have also for each layer pair l^j. I,j the Bragg renectfon condition of equation (1) above, namely. 
. Kij^i * khjifcj = K (5) 

. ^ electronic waves reflected by all the periods. This set of equations Is solved iterathrely 
foreachoo„secutn.e.ayerpair^^ 

Thni J n !• • ^".f ^"'^ =2 "«.1-9.2.0.2.3,2.7 nm. right-to-left in FIG. 11. 

he Z^^ TdT t ^TTf""'" ^ ^^"'"^ superlatace. with a minlband facing 

andilTn? f ^^^P^ 9">"n1 state of the lasing tiansKlMn 

RG 12 h'"' "T."'"'! ^^^"'^'^'"en'enL This confinement is clearly ap^nfTn 

8 5 X 1^"^ the calculated transmission of the graded gap versus electron energy at the f Sd F» = 

^es^i^ST'.^^r'" f "^J^"' »'«'«^'»«ton is very small (~ 1(?) at the ener,^ E, 

cooesponding to the upper state n=3. while remaining sufficiently large (> 10-i) at the enemy E, to Insure a 
short escape time (a0.6ps) from the n=1 state into the superlattioe me energy t, to insure a 

in TMel^h/u^fT^''^'^J!::^^ ^"^"^'"a '° '"e layer structure shown 

in laoie iv, with further details provided by Tables V-VIII. 



Table IV 



— ^ n-dopinfi level Thickness tom) 


1 

Contaa 


GalnAs 




lxlO^cm-3 


10 


i 


Gaa5(i-»)A!a5ElnAs 


x=l 0 (top) 


7xl0"cm-' 


30 


t 

Waveguide 
cladding 


A€InAs 




7xl0"cm-' 


700 


A^lnAs 




4xl0"cm-^ 


600 


i 


AflnAs 




13xlO"an-^ 


1000 


t 


Gaa3(i.x)Ala3xInAs 


x«0 -> (lop) 


2xl0"cni-^ 


30 




GalnAs 




IxlO^cm-' 


300 


Waveguide 
core 


GaoL3xAla5a-.»)InAs 


Digital grating 1' 


2xl0"cm-^ 


14.6 


Gaa3xAla5(i-i)InAs 


Digital grating IV 


3xlO"cm"^ 


25 




Active region 




undoped 


19.9 




Gaa5»Ala5(i-i)InAs 


Digital grating III' 


3x10" cm-' 


12.4 




GalnAs 




lxlO"cm-3 


300 




Gao.5jiAla5(i-,)InAs 


Digital grating V 


2xl0"cni-' 


14.6 


I 


Gao.5xAla5(i-x)InAs 


Digital grating n' 


2xl0"cni-' 


25 


T 

Waveguide - 


A€InAs 




4xl0"cm-' 


20 


cladding 


AflnAs 




1.5xlO"cni-' 


500 


Doped n InP substrate 
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Table V 



Digital Gratino V 


AflnAs 


1.2 nm 


GalnAs 


6.5 nm 


AflnAs 


1.2 nm 


GalnAs 


4.5 nm 


AflnAa 


1.2 nm 



Table VI 



j Digital Grating IF | 


1 doping level 






1 


GalnAs 


2.1 nm 


1 


AflnAs 


2.1 nm 


i 


GalnAs 


2.1 nm 


i 


AflnAs 


2.1 nm 


1 


GalnAs 


2.1 nm 


1 n 


AflnAs 


1.9 nm 


1 n 


GalnAs 


1.6 nm 


1 ^ 


AflnAs 


2.0 nm 


1 ^ 


GalnAs 


1.7 nm 


n 


AflnAs 


2.3 nm 


1 " 


GalnAs 


1.3 nm 




AflnAs 


2.7 nm 


1 i ( 


SalnAs 


1.0 nm 



Table VII 



Digital Grating lir 


doping level 






1 


GalnAs 


2.1 nm 


1 


AflnAs 


2.1 nm 


1 


GalnAs 


2.1 nm 


i 


AflnAs 


2.1 nm 


n 


GalnAs 


2.1 nm 


n 


AflnAs 


1.9 nm 
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Table VIII 



10 



16 



20 



25 



30 



3S 



40 



Active Region 


undoped 


AflnAs 


6.2 nm 


undoped 


GalnAs 


4.5 nm 


undoped 


AflnAs 


2.8 nm 


undoped 


GalnAs 


3.6 nm 


undoped 


AfinAs 


2.7 nm 



45 



The layer structure was processed into mesa etched ridge waveguides of width 14fim by conventional wet 
chemical etching. A250 nm thick SiOj layer was then grown by chemical vapor deposition to provide Insulation 
between the contact pads and the doped InP substrate. Windows were etched through the SiQz by plasma 
etching In CF4 gas, exposing the top of the mesas. Non alloyed Ti/Au Ohmic contacts were provided to the top 
layer and the substrate. The processing was conventional. After processing, the samples were cleaved into 
2.4-3mm long bars and soldered with In to a ceramic holder, wire bonded, and mounted in a He flow cryostat 
Current pulses of 30ns duration were then injected in the device with a 20kH2 repetition rate. 

FIG. 13 shows peak optical power vs, drive current for a laser as described above. The structure had 1^ = 
2.1. 2.1. 2,1. 1.6. 1.7, 1.3 and 1.0 nm, and 1^ = 2.1. 2.1. 1.9. 2.0. 2.3 and 2.7 nm. The transmlssivlty of this 
structure was substantially as shown in FIG. 12. but the separation between the n=2 state and the quasi-FermI 
level In the graded superlattice was increased from ~ 50 meVto - 80 nieV. resulting in a substantial decrease 
of thermally activated backfilling of electrons from the superlattice region into the n=2 state, and consequent 
improved laser characteristics. 

The exemplary laser emitted radiation of wavelength 4.6fim. as shown by FIG. 14. The laser had a slope 
eff telency of 300 mW/A at 100K. 

In currently preferred embodiments the energy difference A = Ej-Epn is larger than the energy of the rel- 
evant optical phonons (preferably several times that phonon energy, e.g.. s: 70 meV). in order to substantially 
avoid backfilling of electrons from the superlattice region into the n=2 state. In the above expression for A. Ej 
IS the energy of the n=2 level, and Ef„ is the quasl-FermI energy in the lower miniband of the superlattice Bragg 
reflector region. Increased A typically results in improved high temperature performance of the laser, as ex- 
emplified by the marked improvement of a laser that had A - 80 meV. as compared to a very similar laser 
that had A 50 meV. Exemplary data for the A - 80 meV laser are shown in FIGs. 13 and 14. 

We currently believe that a laser according to the invention that primarily relies on vertical transitions Is 
most advantageously implemented with superlattice Bragg reflectors as described above, but we also believe 
that such lasers can be Implemented with other energy relaxatton regfons, although laser characteristics of 
the latter designs are expected to be Inferior to those of the former. Furthermore, we currently believe that a 
laser according to the inventfon advantageously Is based on a three-level (or possibly higher level) electron 
decay scheme as described above, but also believe that lasers based on a 2-level decay scheme (i.e.. Involving 
primarily the vertical n=3 to n=2 transition) are feasible. Such lasers will typically comprise superlattice Bragg 
reflectors that are highly reflective for n=3 electrons and highly transmisslve for n=2 electrons under the normal 
operating bias. 

Those skilled In the art will appreciate that the disclosed novel laser design principles can be embodied 
in a variety of laser structures. Including structures that are not specif teally discussed herein. 



Claims 

so 

1 . An article comprising a unipolar semiconductor laser, said laser comprising 

a) a multilayer semiconductor structure that comprises doped semiconductor material of only a first 
conductivity type; and 

b) means for applying a voltage across said multilayer semiconductor structure; 
55 CHARACTERIZED IN THAT 

c) said multilayer structure comprises a multiplicity of essentially identical active regions (e.g.. 11), a 
given of said active regions being separated from an adjoining active region by an energy relaxation 
region (e.g., 12); 
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d) said active region comprises one or more quantum wells, associated with said quantum well or wells 
(e.9-. 111. 11 3) being at least second and third energy states for charge carriers of the first conductivity 
type, with said third energy state (e.g., 117) being higher than said second energy state (e.g., 118); 

e) said energy relaxation region is selected to provide for substantial energy relaxation of charge car- 
riers of the first conducth^lty type in the energy relaxation region when a normal operating voltage is 
applied, at least some of said charge carriers being introduced Into the eneray relaxation region from 
said acth^e region; and 

f) at least some of the charge carriers of the first conductivity type undergo a radiative transition from 
the third to the second energy state. 

Article according to claim 1, wherein said active region comprises two or more coupled quantum wells, 
associated with said coupled quantum wells are at least first, second and third energy states for said 
charge carriers, with the first energy state being lower than the second energy state when said normal 
operating voltage is applied; at least some of said charge carriers undergo a transition from the second 
to the first energy state and are introduced into the energy relaxation region from the f Irat energy state. 

Article according to claim 2. wherein the active region is substantially undoped, and the energy relaxation 
region comprises doped semiconductor material. 

Article according to dalm 2. wherein associated with the third and second energy states are third and sec- 
ond wavefunctions. and said actwe region is selected to provide reduced spatial overlap between said 
third and second wavefunctions. 

Article according to daim 4. wherein the third, second and first energy states (117, 118, 119) are assod- 
ated with third, second and first quantum wells (111. 113, 115). respectively, with an energy barrier (114) 
between said first and second quantum wells, and another energy barrier (112) between said second and 
third quantum wells, and said radiative transition from the third to the second energy level is substantially 
a diagonal transitton. 

Artide according to dalm 5. wherein said energy relaxation region comprises a doped continuously graded 
or stepwise graded gap region, or said energy relaxation region comprises a multiplicity of quantum wells. 

Artide according to daim 2. wherein said active region is selected such that said radiative transition from 
the third to the second energy state substantially is a vertical transition. 

8. Artide according to daim 7. wherein said energy relaxation region comprises a doped superlattice region 
that comprises a multiplicity of quantum wells, the superlattice region selected to provide a Bragg reflector 
^r charge carriers of the first conductivity type having an energy ttiat corresponds to the third energy 

9. Artide according to daim 1 , wherein said multilayer semiconductor structure is selected to provide a wa- 
veguide for photons of energy corresponding to said radiative transition from the third to the second en- 
ergy state. 

10. Artide according to daim 9, wherein said waveguide comprises a core that comprises said active region 
and further comprises a doped semiconductor region having a ref ractwe index that is higher than the re^ 
Tractive index of said acth^e region. 
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FIG. 3 
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FIG. 5 
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FIG. 8 
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FIG. 10 



113- 
112- 

109- 
107- 



106- 
105- 

103- 



-115 
-114 

-111 
-110 
-108 

-106 

105 



-104 
-102 



117 



V 

101 



19 



m 



EP 0 676 839 A1 



FIG. li 
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